Effect of the combined inoculation of arbuscular mycorrhizal fungi and plant growth-promoting rhizobacteria on papaya (Carica papaya L.) infected with the root-knot nematode Meloidogyne incognita.
Introduction
Soil microbiota communities have demonstrated their crucial role in maintaining the soil ecological balance and, therefore, the sustainability of both natural ecosystems and agroecosystems [1] . Particularly important from the point of view of plant surface microbiology are the interactions at the rootsoil interface, where microorganisms, plant roots and soil constituents interact [2] . Hiltner defines what is known as the rhizosphere [3] : the most dynamic environment of microbe-plant interaction, since it is the zone of influence of plant roots on the soil microbiota. Two main groups of microorganisms can be distinguished: saprophytes and symbionts. Both of them comprise detrimental, neutral and beneficial bacteria and fungi. Beneficial rhizospheric microbe-plant interactions have a great influence on plant health and soil quality [4] . Among these beneficial rhizospheric microbes, arbuscular mycorrhizal fungi (AMF) and plant growthpromoting rhizobacteria (PGPR) can be considered.
Arbuscular mycorrhiza fungi are obligate symbionts that colonise the roots of most cultivated plant species. Mycorrhizal symbiosis can be found in nearly all types of ecological situations and most plant species are able to form this symbiosis naturally [5] . These associations occur naturally when plantlets are transplanted into the field, favouring plant development by increasing nutrient uptake, growth rates and hormonal activities [5, 6] . Mycorrhizae may also increase plant tolerance to stress conditions such as salinity [7] , drought [8] , heavy metals [9] , root soilborne pathogens [10] and the improvement of soil structure [11] .
Plant growth-promoting rhizobacteria are able to colonise the root surface, survive and multiply in microhabitats associated with the root surface, in competition with native microbiota; at least to express their plantpromotion activities [12] . Their positive effects on plant development and establishment of seedlings have been described for different crops; either herbaceous such as potato [13] and soybean [14] , or woody ones such as apple [15] and citrus [16] . Several mechanisms, which involve phytohormone production [17] , mineral solubilisation and availability [18] or biological control of soilborne pathogens [19] , have been proposed to explain bacterial activity. Authors have frequently described as PGPRs certain strains of Pseudomonas, Bacillus, Azospirillum, Azotobacter, Enterobacter and Serratia [19] .
Since they share common habitats, i.e., the root surface, and common functions, the AMF and PGPR have to interact during their processes of root colonisation or functioning as root-associated microorganisms. Soil microorganisms, particularly PGPR, can influence AM formation and function and consequently, mycorrhizae can affect PGPR populations in the rhizosphere [20] . Relationships between both types of microbes are under high specificity rules [21] .
Several species of the root-knot nematode Meloidogyne are widespread in the Canary Islands, Spain [22] . Papaya is susceptible to the Meloidogyne species and so this nematode can become an important limitation in papaya production in dry subtropical conditions [23] . Apart from the typical symptoms in root tissues (gall formation), nematode infection of papaya leads to a deficient plant development, higher susceptibility to different stresses, significant growth suppression and reduction in fruit yield [24] .
Work on the application of AMF and/or PGPR in tropical and subtropical crops of ecological and economic importance for the Canary Islands such as papaya is not very extensive. However, the results obtained by authors provide evidence that papaya growth can be improved when it is inoculated with AMF [25] [26] [27] . In other tropical crops such as banana, early mycorrhizal inoculation has been shown to increase tolerance to nematode by enhancing the plant and/or by exerting a suppressive effect over nematode reproduction [28] . In the same way, PGPR single inoculation or in combination with AMF favours papaya growth during the nursery phase [29] . The same positive effects have been demonstrated in other tropical crops inoculated with PGPR [30] .
The aim of our study was to determine whether the combined inoculation of two AMF species and a Bacillus consortium based on three strains previously described as PGPR in other crops were able to reduce nematode infection and damage on papaya.
Materials and methods

Mycorrhizal inoculum and procedure
Two AMF isolates were used:
-Glomus mosseae (isolated from ecological farm Pome banana, Musa AAB, in the North of Tenerife) cultured under Sudan grass [Sorghum bicolor (L.) Moench] with a percentage of 83% of root colonisation, -Glomus manihotis (a collection isolate from Colombia) cultured under tomato (Lycopersicon esculentum Mill.) with 74% of root colonisation.
In both cases, the AMF inoculum consisted of rhizospheric soil containing pieces of mycorrhizal roots, hyphae and spores. Two kilograms of inoculum were applied per seed tray for both AMF isolates.
Plant material
The papaya (Carica papaya L.) cv. 'Baixinho Santa Amalia' seedlings came from Brazil. Seeds were germinated in 24-L seed trays filled with a water steam-sterilised substrate mixture (1:1:1= soil:volcanic ash:peat TKS  1-Instant Sphagnum-Torf Klasmann Deilmann GmbH, Germany). 
Bacterial inoculum material
Nematode inoculation procedure
The nematode inoculum consisted of a population of Meloidogyne incognita isolated from the same papaya cultivar ('Baixinho Sta. Amalia') originally collected in the NorthEast of Tenerife. Nematode identification was made by perineal patterns (20 females per population). The nematode inoculum was prepared by macerating infected roots in a blender for 15 s at 14 500 rpm in a 0.12-0.15% NaClO solution [31] . Eggs and juveniles (J2) were collected using a 25-µm-pore sieve (500 mesh) and rinsed with tap water. The inoculum was adjusted to deliver a suspension of 5 780 nematodes per plant through four 2-cm deep holes located at a 3-cm distance from the base of the plant in nematode treatments.
Experimental design and culture conditions
An experiment with 12 treatments lasting 160 days after nematode inoculation was established: 3 (2 AMF + 1 control) × 2 (1 PGPR + 1 control) × 2 (1 M. incognita + 1 control) with 12 replicates per treatment (144 plants). Plants were disposed in the greenhouse in a completely randomised design.
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In this period, plants were grown under greenhouse conditions in a tunnel with an ambient temperature of 25-30°C and a relative humidity of 70%, and they were irrigated with distilled water according to hydric requirements. During the first month after transplanting, plants were fertilised twice a week with a nutritive solution low in P content [32] . Then 3 g·plant -1 of a soluble fertiliser with low P content (Nitrofoska 20+5+10s+3, Suprem Campo ® Basf, Germany) was applied twice a month. Once a month, plants were fertilised with WuxalCa ® (Argos Shering, Agrevo, S.A. Valencia) using a dose of the product of 3% (foliar application).
Assessment of variables
At harvest, 160 days after nematode inoculation, plant and nematode parameters were assessed. The following physical parameters were measured: total fresh weight (aerial and root), plant length, root length and foliar surface. Foliar surface was determined by using the surface measurer Li-COR, Inc., Lincoln, Nebraska, USA. Mod. Li-3100.
Macroelements, i.e., nitrogen, phosphorus and potassium, were determined on shoots. The stem and leaves of the papaya plants were thoroughly washed in mild detergent, rinsed three times in distilled water avoiding senescent or necrotic tissue and prepared for foliar analysis. Samples were then dehydrated in a controlled-temperature fan-ventilated oven at 60°C for 24 h, ground in a ball mill and digested in wet acid [33] using nitric and perchloric acid. Analysis for all elements except nitrogen was done with a F586-587 Varian Liberty 220 inductively coupled plasma (ICP) emission spectrometer. Two readings were made per sample. Nitrogen content was determined according to the Kjeldahl procedure [34] .
For nematode parameter assessment, the percentage of galled root system was determined [35] , as well as the number of nematodes per gram of root and the reproduction rate (final population/initial population). The nematode extraction method from roots was similar to that used for inoculum preparation. Nematodes were concentrated using 150-, 74-and 25-µm-pore sieves (100, 200 and 500 mesh, respectively). The suspension on the 25-µm sieve was collected and concentrated in order to determine the number of nematodes per mL by using a Hawksley slide under a light microscope.
To assess mycorrhizal infection, a small root sample (5% in fresh weight) of the whole root system was used to estimate the percentage of AM root infection. Samples were stained with 0.05% trypan blue in lactic acid [36] modified by the procedure described by Koske and Gemma [37] . The percentage of root colonisation was determined using the grid-line intersect method [38] . Mycorrhizal root samples, inoculated or non-inoculated with M. incognita, were excised after clarifying and staining the root, mounted on millimetric slides and observed under a light microscope. 
Control
Glomus mosseae 
Aerial fresh weight
In the absence of Meloidogyne incognita, the combined inoculation of AMF and PGPR significantly increased aerial fresh weight in those plants treated with G. mosseae ( figure 1) . Values registered in plants treated with the combination of G. manihotis-PGPR were identical to those of G. manihotis single inoculation. In the presence of the pathogen, Bacillus spp. inoculation significantly improved aerial fresh weight in those papayas inoculated with G. mosseae.
Foliar surface
In the absence of Meloidogyne incognita, single inoculation of any AMF did not significantly increase foliar surface ( figure 2) . However, combined application of both beneficial microorganisms did this in the case of G. mosseae-PGPR. In plants infected with the pathogen, a negative effect due to Meloidogyne could be detected in the absence of PGPR. Bacterial inoculation significantly improved foliar surface values in those plants treated with G. mosseae. On the other hand, the G. manihotis-PGPR combination did not favour this parameter.
Shoot length
The results registered in nematode noninfected plants show significant differences due to AMF single inoculation ( figure 3) . However, significant increases due to AMF were not improved by adding PGPR. On the M.C. Jaizme-Vega et al.
other hand, bacterial inoculation significantly increased shoot length in the presence of the pathogen (non-mycorrhizal plants and those with G. manihotis).
Root length
A significant root shortening due to Meloidogyne infection could be detected ( figure 4) . The roots of infected plants treated with both AMF and PGPR were significantly longer than those just treated with AMF. Again, in the absence of nematode, combined application of both microbes did not improve results from AMF single inoculation.
Macroelement content
Concerning mineral content, the studied macroelements varied in a similar way depending on treatments.
Nitrogen
A positive significant effect due to AMF inoculation could be detected both in the presence of nematode and not, although higher increases were detected for G. mosseae (table I) . In the absence of M. incognita and for G. mosseae, the combined inoculation of this fungal isolate and PGPR increased nitrogen content compared with G. mosseae single treatment, although this improvement was not significant. On the other hand, the presence of the nematode led to a significant decrease in N content compared with G. mosseae-PGPR treatment.
Phosphorus
As was observed in the case of nitrogen, a positive significant effect due to AMF inoculation could be detected in all cases, although higher increases were detected for G. mosseae, both in the presence of M. incognita and not (table I) . However, the combined inoculation of G. mosseae and PGPR also significantly increased phosphorus content compared with G. mosseae single inoculation, in the absence of Meloidogyne.
Potassium
Both AMF isolates were able to increase K levels in the absence of Meloidogyne, but not significantly ( 
Nematode reproduction
The presence of nematode significantly affected plant root length, although different behaviours could be detected depending on the treatment. In general, although more especially in G. manihotis treatments, the presence of AMF could increase tolerance to Meloidogyne. Nematode reproduction was significantly reduced in the presence of either any of the AMF isolates or any of the AMF-PGPR combinations (table II) .
Compared with non-mycorrhizal plants, percentages of galled root decreased
Shoot length (cm)
Control
Mycorrhizal colonisation
Mycorrhizal colonisation levels were relatively low (values between 15% and 31%) at the end of the trial ( figure 5 
Conclusion
The interaction between AMF and Bacillus spp. led to benefits in terms of plant development in papaya infected with Meloidogyne incognita. In the absence of the pathogen, PGPR seems to enhance the mycorrhizal effect, especially in those plants treated with G. mosseae. However, the most evident effects were registered in the presence of the nematode. As available data about the mycorrhizal symbiosis in papaya is lacking, discussion is required, comparing our results with other vegetal species. Some authors have reported the synergistic beneficial effect in plant development promoted by the AMF-PGPR association [39, 40] . Dual inoculation with both soil microorganisms also induced higher biomass and yield [39, 40] and even higher nutrient uptake [40] . However, diversity in the response depending on the microbial combination has also been described [41] . In our experiment, this diversity could be detected since each AMF isolate showed a singular response to the combination with Bacillus spp. In general, in the absence of the pathogen, a greater vegetative development was registered in plants inoculated with the combination G. mosseae-Bacillus spp. This diversity in the response agrees with the high specificity in the rhizosphere microbial interactions previously described by other work [21] .
In this experiment, no negative effect of PGPR on mycorrhizal symbiosis establishment could be detected, since the colonisation index in the roots was statistically similar both with Bacillus spp. and without them. Our results are in agreement with other references where no negative effect of PGPR on mycorrhizal symbiosis has been M.C. Jaizme-Vega et al.
reported [42] , while the opposite situation has also been described [43] . Reasons to explain this phenomenon must again be observed under the high specificity of microbial interactions. Under some conditions, PGPR are able to promote fungal spore germination and germinative tube elongation [44] or even to enhance mycorrhizal hypha density [41] . Concerning the bacteria-pathogen interactions, our results show that single inoculation of Bacillus spp. has no evident effect on papaya or nematode. Increases in tolerance against nematode were detected in Table I . Effect of the interaction between AMF (Glomus mosseae and G. manihotis) and Bacillus spp. in the presence of the root-knot nematode Meloidogyne incognita on leaf mineral content of papaya (means of 12 replicates). 2 Data have been transformed to log 10 (x+1) to ease the analysis.
Within the same column, values followed by the same letter are statistically identical according to Tukey's test (P ≤ 0.05).
plants treated with the AMF-bacteria combination. Double application of beneficial microorganisms led to an improvement in plant development and nutrition in the presence of the pathogen. Also, nematode reproduction was significantly reduced in the presence either of any AMF isolate or the combination of AMF-PGPR. References concerning the use of PGPR as biocontrol agents against nematodes are not very extensive. However, some authors have demonstrated in several crops that the inoculation of certain PGPR strains was able to increase plant development and reduce nematode damage and infection [45, 46] . In our conditions, Bacillus single inoculation does not affect nematode infection; moreover, absolute values were even higher than those registered in control plants. The specificity of microbial interactions which has been already mentioned [21] must be taken into account again to explain these results.
On the other hand, several studies confirm the AMF role in reducing nematode reproduction or promoting nematode tolerance in other tropical crops such as banana [47] . Our experiment verified this positive effect of AMF: single inoculation of both Glomus species significantly reduced nematode infection, as well as increasing plant development. However, a difference in intensity of the effect due to the AMF isolate could be detected. The combined inoculation of AMF and PGPR seems to describe again a singular behaviour for each combination. Although the literature on this subject is not very extensive, a few works have described the reduction of Meloidogyne infection due to AMF-PGPR inoculation on tomato [48] .
In conclusion, our results confirm the suitability of AMF inoculation to improve plant health of papaya infected with rootknot nematode. The management of these symbionts represents a suitable biocontrol strategy against Meloidogyne in this crop. The supplementary addition of other beneficial microorganisms such as PGPR can also be taken into account as a method of enhancing the AMF effect. However, due to the high specificity involved in these types of interactions, a previous screening to select the best microbe-host plant combination should be done in order to optimise results. The absence of references concerning this triple interaction in papaya allows us to propose this method as a hopeful one.
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Efecto de la inoculación conjunta de hongos formadores de micorrizas arbusculares y rizobacterias promotoras del crecimiento vegetal en papaya (Carica papaya L.) infectada con el nematodo agallador Meloidogyne incognita.
Resumen --Introducción. Los hongos formadores de micorrizas arbusculares (MA) y las rizobacterias promotoras del crecimiento vegetal (PGPR) están considerados como importantes microorganismos rizosféricos benéficos, pudiendo ser utilizados como estrategia de control biológico frente a determinados patógenos de la raíz como los nematodos. El empleo de estos microorganismos, no es siempre fácil, debido al alto grado de especificidad que regula este tipo de interacciones. El objetivo del presente trabajo fue determinar si la inoculación conjunta de dos especies de hongos MA y un cóctel de Bacillus que contenía tres cepas ya descritas como PGPR en otros cultivos era capaz de reducir la infección y el daño ocasionado por M. incognita en papaya. Material y métodos. Las semillas de papaya fueron inoculadas con dos aislados micorrícicos (Glomus mosseae y G. manihotis) al inicio de la fase de enraizamiento. Una vez establecida la simbiosis micorrícica, se procedió a añadir el cóctel de Bacillus. Veinte días después del transplante a maceta, se aplicó el inóculo que contenía el nematodo agallador. El ensayo se dio por finalizado 160 días después de la inoculación con M. incognita, momento en el que se analizaron las plantas. Resultados. Los beneficios en términos de desarrollo vegetal y nutrición debidos a la micorrización persistieron en presencia del cóctel de Bacillus. El efecto positivo de la doble inoculación microbiana fue sin embargo diferente en función de la especie de Glomus presente. Este efecto positivo fue también evidente en aquellas plantas infectadas con el nematodo. Así, en las plantas micorrizadas, los niveles de infección de M. incognita fueron significativamente inferiores. La adición de las cepas PGPR no mejoró sin embargo el efecto positivo de la micorrización frente al nematodo. Conclusión. Estos resultados aconsejan la realización de ensayos previos que permitan seleccionar la combinación microbiana más adecuada a cada situación. De este modo, la aplicación conjunta de de hongos micorrícicos y rizobacterias promotoras del crecimiento vegetal podría ser utilizada como alternativa en el control de nematodos agalladores de raíz, con ciertas garantías de éxito.
España / Carica papaya / micorrizas arbusculares / Glomus / rizobacterias / Bacillus / simbiosis / crecimiento / nutrición de las plantas / control biológico
